ABSTRACT
Introduction
A user of a machine tool with CNC (computer numerical control) is exposed to mechanical, electrical, and chemical hazards [1] . The user's exposure to the hazards such as a revolving workpiece, a high voltage of electric motor, or coolant mist may cause a great injury. Prevention of the exposure requires protection devices including coolant mist suction device.
Regulations have been issued to protect users of machine tools from these hazards.
A guard is used to prevent chips generated from machining or coolant to be splashed by enclosing the working space of a machine tool. The splash guard shall protect users from a piece broken off high revolving parts such as a workpiece. The revolving workpiece clamped by the chuck of a lathe spindle can be disjoined from the chuck and then thrown to the user if the clamping force is insufficient to restrain the centrifugal force of the workpiece. This case may occur by a user's mistake.
The disjoined object may have a large kinetic energy to cause a physical damage such as bone fracture in its collision with It is necessary to consider some factors in designing a splash guard. The factors include technical performance such as strength, manufacturing, and cost. It is mostly made of sheet metal. If the thickness of the sheet is increased to improve the strength against disjoined objects, it leads an increase in weight and material cost as well. It hinders also manufacturability by increasing bending stiffness. An optimal design of a splash guard needs to be made for strength and other criteria.
A European Standard (ES) defines the safety of the splash guard of a small numerically controlled machine tool [2] . The guard should protect its user from the danger of a disjoined object. The standard defines an impact test to evaluate the safety strength of a splash guard. The impact test should be performed to produce the safety evaluation report for a small turning center and then, the turning center can be exported with the safety report. The impact energy is determined according to the size of the machine tool. It is necessary to design the splash guard to satisfy the safety regulation.
A method needs to be developed to evaluate the safety strength of a splash guard at the design stage. The actual impact test takes much time and cost and, in addition, requires an actual test object. It is difficult to manufacture actual test objects of all design candidates. These reasons may disable the actual impact test to be used for the safety evaluation at the design stage. Accordingly, it is necessary to develop a new method to replace or minimize the task of the impact test.
Much research has been carried out on many fields of machine tools such as motors, cutting, feeding systems, thermal deformation [3] [4] [5] [6] . However, little research has been performed on safety issues [7] . In this study, research was carried out on the issue of the safety of a splash guard and focused on identification of a new method to be used for evaluation of the safety strength at the design stage.
In this study, finite element method was adapted as a new method for the impact test. It was applied to a small turning center (CNC lathe). A finite element (FE) model was developed for analysis of the safety strength of the splash guard of the machine tool. The result from the finite element analysis (FEA) was used to evaluate the safety strength at the design stage.
Impact test for the safety evaluation
The ES defines the procedure of the actual impact test and the assessment criteria [2] . It also defines the equipment and the test details including the size of the projectile. Fig. 1 shows the impact test of the ES. It is composed of a gas chamber, a projectile, a barrel, and a test object shown in Fig. 1(a) . The chamber filled of high pressurized air shoots the projectile through the barrel to the test object, which is, in this study, the splash guard of a small turning center. The size and the velocity of the projectile at the far end of the barrel are defined according to the size of the turning center, especially, the diameter of its chuck and its rotational speed [2] . The projectile has a sharp shape at the head which hits the test object at the speed defined.
The safety criteria are defined for the impact test. Posterior to the projectile impact, examination is carried out to identify any damage to the test object, the splash guard in this study. Details of the impact test were determined based on the diameter of the chuck and its tangential velocity. They determined the projectile size, speed, and, therefore, the impact energy. Using Equation (1) where N is the rotational speed of 2000 RPM and r is the chuck radius of 190.5 mm in this study, the velocity is calculated into 39.7 m/s for the machine tool. 
Machine tool and its splash guard

Application of finite element method
In this study, a new method was used to replace the impact test. It was explicit finite element method (FEM) using the commercial FEM tool, ABAQUS/Explicit. This method has been widely used for evaluation of crash or stamping with high speed dynamic material behavior [9] [10] [11] . Comparisons were made between the result of collision simulations by the FEM tool and their corresponding experimental result and then led to a good agreement in terms of energy absorption and postdeformation between them [9] [10] [11] [12] [13] . Equation (3) and (4) express implicit FEM and explicit FEM, respectively. The explicit FEM is based on acceleration while the implicit one is on displacement. One great difference between the implicit and explicit FEMs is force convergence. The explicit one does not require convergence for force equilibrium at each time step with multiple iterations and thus it does not fail especially to solve local large deformation problems [14] such as impact or crash [12, 13] .
Development of a finite element model
The impact test was implemented into development of a finite element model shown in Fig. 3 . The panels of the splash guard and the door were constructed of shell elements and other parts such as brackets and the projectile were of solid elements.
The element size was generally 10 mm as the splash guard is considerably large. It led to 139 divisions in length, 65 in width, and 183 in height, respectively. The number of element divisions is considered to be appropriate to describe the deformation of the splash guard under impact. However, a fine mesh is generated at the impact area to express the large deformation with a great strain. The element size was 5 mm.
Accordingly, the whole FE model had 142,284 elements including solid elements and 101,534 nodes in total.
The projectile was located between the glass and the splash guard due to a high possibility that the projectile would loosen the door from the splash guard or penetrate the door panel.
It was touched to the door panel, as shown in Fig. 3 , with the initial velocity of 50 m/s defined by the ES.
The splash guard is practically fixed to the bed and thus was constrained in all six degrees of freedom at the bottom in the FE model. It is a partial model of the total splash guard and thus was symmetrically constrained at both sides with X translation constrained. Other structural components such as brackets are of the structural steel with the material properties in Table 1 . Fig. 4 shows the plastic stress-strain curve of cold rolled carbon steel (KS D 3512: SCP1) obtained with tensile tests [15] . It was used for the explicit finite element analysis (FEA). Its ultimate tensile strength is 390 MPa at the plastic strain of 0.26 as shown in Fig. 4 . As the impact point is not on the glass but on the door panel, the glass compound would not plastically deformed and, therefore, it is not necessary to obtain the plastic strain of the materials of the glass compound for the FEA. is the sum of the energy to deform finite elements. The total energy in Fig. 5 is that of the total analytical system which is the FE model including the projectile in this study.
It is the sum of the kinetic and strain energies and nearly constant because it is the total system energy. The kinetic energy is dramatically decreased while the strain energy is increased. This is because the kinetic energy is converted into the strain energy as finite elements are deformed either elastically or plastically.
Fig . 6 shows the maximum principal strain and the deformation of the splash guard and the door. They can be used to determine the probability of the crack initiation and the loosening of the door. The greatest principal strain is 0.287 and therefore exceeds the ultimate tensile strain of 0.26 shown in Fig. 4 . Accordingly, a crack is likely to be initiated but not to grow large enough for the projectile to penetrate it because the strain is much localized. A further FEA, say, for crack growth, needs to be carried out if the quantity of penetration is required to be identified.
The gap between the door and the splash guard is initiated and grows up to 25 mm. However, the door, especially the inserted part into the guard, remains contacted with the guard as shown in the section view of Fig. 6 (b) . The contact stiffness prevents the door from being loosened. Therefore, it can be concluded from the FEA that the door is safe from both the through-crack and loosening of the ES regulations.
The impact area of the door is similar to the front of the projectile in shape and size as shown in Fig. 6 (a) and (b).
The four vertexes of the projectile front made the four vertexes at the impact area yielding a great strain at each vertex. The projectile pushed the impact area approximately 27 mm forward from the panel of the door shown in Fig. 6 (b) . The high velocity of the projectile rapidly deformed the impact area before its kinetic energy was propagated into the neighboring area. This is a characteristic of impact such as abrupt object collision [9] [10] [11] [12] [13] .
An actual experiment of the impact test needs to be performed to be compared with the FEA for its verification and validation even though it is predicted from Ref. 9～13 that they will lead to a good agreement because of a relatively simple collision.
The experiment will be used to verify replacement of the actual impact test with the explicit FEA and thus it can negate manufacturing of the actual splash guard with great time and cost.
Conclusion
This study addresses the issue on evaluation of the safety of the splash guard of a machine tool at the design stage. It is necessary to develop a new method to replace the impact test, for the safety issue, whose procedure is defined, especially, by the European Standard.
In this study, explicit finite element method was adapted to replacement of the impact test of a machine tool at the design stage. The impact test was implemented into the finite element model developed in this study. The FEA result, such as plastic strain and deformation, helped to evaluate the strength of the door against a through crack and loosening.
The FE model was applied to a actual vertical turning center and led to the following conclusions.
1) The kinetic energy of the projectile of the impact test was absorbed into the splash guard as strain energy (internal energy). The total energy which is the sum of the kinetic and strain energies remained nearly constant following energy conservation.
2) The strain and the deformation of the door of the splash guard were usable to determination of through-crack and loosening as the criteria of its safety.
3) An actual experiment of the impact test needs to be carried out for verification and validation of the FE simulation. The experiment may be able to determine replacement of the actual test with the FEA leading to a great reduction in time and cost.
